The epitaxial PbTiO 3 thin films of different thickness were prepared on MgO(001) substrates by the reactive direct-current magnetron sputtering. The volume fraction of c domains, ␣, which was measured by x-ray diffractometry, increased rapidly from zero with the film thickness, being saturated at about 90% above 100 nm. The films were annealed in a PbO atmosphere at 700°C for 8 h, and they were used to study the composition change in the Pb/(Pb + Ti) ratio and the relaxation of the residual intrinsic stress. The relationship between change of ␣ and composition was weak. The stress state was calculated through the finite-element method. As for the small thickness, the tensile epitaxial stress overwhelmed compressive intrinsic and thermal stresses, and the domain structure was a-domain oriented. As for the large thickness, the compressive intrinsic stress together with the thermal stress overcame the tensile epitaxial stress, and the population turned into c domain.
I. INTRODUCTION
Pb-based ferroelectric ceramics such as PbTiO 3 , (Pb,La)TiO 3 , and Pb(Zr,Ti)O 3 have received great attention as promising materials for dielectric, pyroelectric, and electro-optic applications. 1, 2 Recently, because of integration and miniaturization of electronic devices, many studies on ferroelectric thin films with enhanced properties have been reported. [3] [4] [5] It is widely known that the domain structure of PbTiO 3 thin films deposited by the reactive sputtering depends on deposition conditions, substrate types, and deposition methods, [6] [7] [8] [9] [10] and it is necessary to obtain epitaxial PbTiO 3 thin films with only c domains for practical applications. 6 Compared with polycrystalline PbTiO 3 thin films, epitaxial ones have better properties such as large spontaneous polarization, small dielectric constant, and high pyroelectric coefficient. [3] [4] [5] [6] 8 The mechanism of domain formation in which the deposition, ferroelectric phase transformation, and cooling is included has been studied, [11] [12] [13] [14] [15] [16] and the domain structure has been explained in terms of the combined stress, strain, or energy during sample preparation. 1, 5, 7, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] When ferroelectric thin films are prepared, the total stress generated is described by the interaction of four types of stress: epitaxial stress ep , intrinsic stress in , thermal stress th , and phase transformation stress tr . Among them, the so-called intrinsic stress is particularly important in sputtering since it is relatively high compared with the other stresses and its magnitude can change with sputtering conditions. 15, 16, [18] [19] [20] [21] However, in many works of both theoretical and experimental analyses of the stress effect on the domain orientation structure, the focus has been made on the effects of mostly epitaxial stress, thermal stress, phase transformation stress, and their combination. 1, 5, 7, [11] [12] [13] [14] 17 There have been few reports about the systematic investigation of the relationship between the c-axis orientation ratio and the total stress including the intrinsic stress.
In previous studies by the authors, 15, 18 the difference in the c-axis orientation ratio between before and after annealing was explained by the relaxation of the intrinsic stress when the film is relatively thick. If the film thickness changes, the stress state is different and the domain structure will change accordingly. In this study, the domain structures of epitaxial PbTiO 3 thin films before and after annealing are explored by controlling the film thickness and the formation mechanism of the domain structure will be explained through the total stress calculated in the films.
II. EXPERIMENTAL PROCEDURES
The epitaxial PbTiO 3 thin films were deposited by the reactive sputtering method using a direct-current (dc) magnetron sputtering system (Korea Vacuum Co.). The base pressure was below 1 × 10 −5 torr. The flow rate of Ar/O 2 was 95/5, and the working pressure was 25 mtorr. The substrate temperature was 570°C during deposition (deposition temperature, T d ), and it was maintained at this temperature for 40 min before deposition to obtain the uniform temperature distribution throughout the substrate. The films were annealed in a PbO atmosphere at 700°C for 8 h, and the annealing temperature was chosen to relieve the apparent intrinsic stress. 22 The targets were pure Pb (99.99%) and Ti (99.9%). The input power to each target was individually controlled by a dc-power supply: 2.8 W for Pb and 140 W for Ti. The distance from target to substrate was maintained at 8 cm. The MgO substrate (Target Materials, Inc.) was (100) cleaved and mirror polished. The substrate in the size of 5 × 5 × 0.5 mm 3 was cleaned ultrasonically in acetone and methanol solvent for 5 min each.
The volume fraction of the c domain and the lattice constants were calculated from x-ray diffraction (XRD) with monochromatic Cu K ␣ radiation generated at 40 kV and 80 mA. The scan speed was 1°/min. The location and intensity of (100) and (001) peaks were determined by using a peak deconvolution program, and their locations were used to obtain a-axis lattice constants of a domains and c-axis lattice parameters of c domains, respectively. The volume fraction of the c domain, ␣, is defined by the relative intensity ratio of (001) to (100) peak as follows:
Generally, a domains are slightly tilted by as large as 3°w ith respect to the substrate normal while c domains are not. 1, 23 Moreover, the tilt angle changes with the cooling rate after deposition, and therefore, the current calculation of ␣ was made semiquantitatively because the domain tilts were not systematically accounted for in this study. Only several specimens were tested for the outof-plane (100) resolution. The film thickness was measured from cross-sectional micrographs of the scanning electron microscopy (SEM), and the composition of the film were analyzed by wavelength dispersive x-ray spectroscopy (WDS).
III. CALCULATION OF STRESSES
The finite-element method (FEM) was used to analyze the stress state of films (ANSYS 5.0A program). The epitaxial, thermal, and intrinsic stresses were calculated using this method. The film and the substrate were ceramic, and thus, only the elastic behavior was considered. The two-dimensional model and the axisymmetric element were selected in the cross-sectional view. All the stresses were assumed as biaxial under the plane stress state. The biaxial stress state means that only the stresses in the substrate parallel direction are considered.
The epitaxial stress develops because of the difference in lattice parameters of the film and the substrate in the parallel direction, and the thermal stress results from the difference in thermal expansion coefficients of the film and the substrate. These stresses develop only at the interface between the film and the substrate. They are expressed in Eq. (2):
where is an epitaxial or thermal stress, is Poisson's ratio of the film which is 0.22 for PbTiO 3 , 24 E is the elastic modulus of the film which is 1.3 × 10 11 Pa in this case, 24 and ⑀ is an epitaxial or thermal strain. The epitaxial strain is as follows:
where a s and a(c) f are the lattice parameters of the substrate and the film in the cubic phase. The lattice parameter of the substrate, MgO, is 0.425 nm, 24 and that of the cubic PbTiO 3 thin films is 0.3985 nm which was a value taken at just above the Curie temperature, T C . 16 It is reasonable to assume that the structural relaxation such as formation of misfit dislocations at the interface should be active to relieve the epitaxial strain. 1 In this study, however, this relaxation mechanism was hard to incorporate into FEM, and therefore, it was not considered. The resultant effects due to absence of this relaxation will be discussed later.
The thermal strain in Eq. (2) is as follows:
where ␣ s and ␣(c) f are the thermal expansion coefficient of the substrate and the film in the cubic phase and ⌬T is the temperature difference. The thermal expansion coefficient of the MgO substrate is 1.123 × 10 /°C, has been obtained from the high-temperature XRD data, 16 which will be shown later in this paper. The thermal strain develops from the deposition temperature to room temperature, and this temperature range is divided into two, from T d to T C and from T C to room temperature because of ferroelectric phase transition at T C . In this study, only the former range was considered in the calculation because it was assumed that the domain configuration which was determined at T C would not change significantly in the temperature range from T C to room temperature because of the relatively low temperature region.
The intrinsic stress is generated by the atomic peening during deposition, that is, the impact of neutrals against the film surface. Whether the intrinsic stress is tensile or compressive is determined by the momentum of scattered neutrals calculated from the following Eq. (5) as in the work of Choi and Choi: 18 (5) where M t and M i are masses of the target atom and the neutrals, is the scattered angle from the target surface, and i is the velocity of the neutrals. The neutrals scattered into the 180°direction reach the film surface and give rise to the atomic peening. If M i is smaller than M t , the neutrals scattering takes place in all the directions, the atomic peening is effective at the film surface, and the film density becomes larger than the case without the peening effect. Then, the intrinsic stress becomes compressive. However, if M i is larger than M t , the neutrals scattering into the 180°direction does not occur. There are no neutrals reaching the film surface, the film density becomes lower due to grain boundary relaxation, 21 and the intrinsic stress becomes tensile. Two targets were used in this study, Ti and Pb. M Ti is 47.9 amu, and M Pb is 207.2 amu; however, the power of the Ti target, 140 W, is much larger than that of the Pb target, 2.8 W. Because of the power difference, the target that is dominant in this work is that of Ti. There were two kinds of gases used, Ar (M Ar ‫ס‬ 39.95) and O 2 (M O ‫ס‬ 16.0). According to the work by Choi and Choi, 18 the effective neutral is identified as that of oxygen when the Ti target is used both with argon and oxygen. Therefore, M t is 47.9 and M i is 16.0 in this study, and the intrinsic stress becomes compressive because M i is smaller than M t .
Momentum of scattered neutrals ‫ס‬
The energy of the neutrals scattered from the target is calculated from Eq. (6),
where E t is the energy delivered to the target from the incident neutrals and E i is the energy of the neutrals scattered from the target. Using 47.9 for M t , 16.0 for M i , and 180°for , E i is calculated as 400 eV when the discharge voltage applied to the target, E i + E t , is 700 eV in this experiment. In consideration that the energy loss occurs while the neutrals travel to the film at 25 mtorr, 21 the energy of the neutrals reaching the film surface is approximated as 150 eV. This result is similar to the report that the neutrals scattered from the target have energy of about 100 eV. 25 The deformation of the film that results in the intrinsic stress is related to the sublimation energy of the film. 18, 25 The sublimation energy of the ceramic is generally in the order of 1-10 eV. 26 Assuming that a half amount of the energy is delivered to the film under the binary collision, the number of collision in the film, n, is calculated from Eq. (7),
where 150 eV is the energy of the neutrals calculated above and 10 eV is the sublimation energy of the PbTiO 3 film. From Eq. (7), n is calculated as about 4. Thus, the amount of 150 eV is reduced to the level of sublimation energy after four collisions. Assuming that the penetration depth of the neutrals from the film surface after four collisions is similar to the lattice constant of the film, the impact energy of 150 eV is effective up to the depth of the monolayer thickness of the film. On the basis of this consideration, stress calculations were performed from the lattice constant of the PbTiO 3 structure, about 0.4 nm, up to 200 nm thickness stressed at every growing film surface in FEM.
The phase transformation stress results from the change in lattice parameters of the PbTiO 3 film during the ferroelectric phase transition at T C . When the cubic PbTiO 3 structure transforms to the tetragonal, there are two modes as explained earlier. One is the phase transition to a domains, and the other is transition to c domains. If the transition is perfect, the stress generated during phase transition is compressive in the former while it is tensile in the latter case. 18, 24, 27 Because these two stresses have different signs of magnitude, the generated phase transformation stress is directly related with the configuration of domain structures to compensate for the epitaxial, intrinsic, and thermal stresses that were accumulated from T d to T C .
IV. RESULTS AND DISCUSSION
The SEM micrographs of the surface and the cross section of PbTiO 3 thin films before annealing, where the film thickness is 100 nm, are shown in Figs. 1(a) and  1(b) . The surface of the deposited film was observed flat, and the average roughness was measured within 1 nm by the atomic force microscope (AFM). The thickness was controlled by the deposition time. All the films were found to have a perfect perovskite structure with only (001) and (h00) planes. Through the pole figure measurements, the epitaxial growth was confirmed. 16 Figure 2(a) shows XRD patterns near the (001) and (100) peaks of the as-deposited films, measured at room temperature before annealing. When the film is 30 nm thick, only the (100) peak is observed, and the intensity of (001) gradually increases with thickness, which implies that there may be a critical thickness below which only a domains may form. Figure 2(b) shows the XRD patterns of identical planes after annealing which was performed in a PbO atmosphere at 700°C for 8 h. Generally, compared with the profiles of Fig. 2(a) , the peaks became sharper.
The typical (100) pole figures of thin films before annealing are shown in Figs. 3(a) and 3(b) to account for the domain tilts when the film thickness is 160 and 220 nm, respectively. As implied in the pole configuration, the a domains are tilted by angles as large as about 3°from the normal orientation. Thus, in normal diffractometer measurements, it is possible to miss a component of the diffracted intensity of the a domain. To account for this, the rocking curves of the (100) plane were obtained for the same specimens with thickness equal to 160 and 220 nm, respectively, in Figs. 4(a) and 4(b) . When the intensity is corrected for the domain tilt, it increases by 46% for both conditions. However, all the specimens were not measured in terms of the out-of-plane resolution.
The a-axis lattice parameter of a domains and c-axis lattice parameter of c domains were calculated from XRD patterns, and they are shown in Fig. 5 . All the lattice constants before and after annealing in this work are quantities measured in the direction of the substrate normal. When the film is 30 nm thick, only the a domain was observed and the a-axis lattice parameter was 0.397 nm. The a-axis lattice parameter is 0.396 nm when the film is 40 nm thick, and this is slightly larger than that of the bulk tetragonal PbTiO 3 (0.389 nm) at RT. 24 It decreased very slowly with film thickness and reached the saturation stage but was still larger than the bulk quantity. The c-axis lattice parameter is 0.417 nm when the film thickness is 40 nm before annealing, which is larger than that of the bulk tetragonal PbTiO 3 (0.415 nm) at RT, 24 and it increased with film thickness under both conditions of before and after annealing.
The decrease in lattice parameters after annealing was related with the relaxation of the residual intrinsic stress in the films. 15, 18, 22 This assertion is supported by Tsai and Cowley, 28 who reported that the change of the Pb/ (Pb + Ti) ratio in the range of 0.45-0.55 had no effect on the lattice parameters. To confirm this, the variation of Pb/(Pb + Ti) ratio was measured with thickness before and after annealing and shown in Fig. 6 . There was a consistent and systematic decrease of about 0.03 after annealing, which is also similar with previous works. 29, 30 The material studied by Fox et al. 29 was Pb 1−x La x TiO 3 that was structurally unstable, and thus, the lead loss in postdeposition annealing above 550°C was significant. Shirasaki 30 used PbTiO 3 in the powder form, and it was, therefore, vulnerable to evaporation. Even if the systematic change in the ratio is very small in this study, the decrease in the c-axis lattice parameter after annealing might be due to both the decrease of Pb/(Pb + Ti) ratio and the relaxation of the residual intrinsic stress.
To show the correlation between the domain structure and the composition change of Pb/(Pb + Ti), the volume fraction of c domains was measured. Figure 7 shows the variation of ␣ with thickness, which was obtained from Eq. (1) using the XRD data of Figs. 2(a) and 2(b) . As explained earlier, all the domain tilts were not measured in this work and thus the corrected intensity of the a domain in Figs. 3 and 4 was not used in obtaining ␣ values in Fig. 7 . If the intensity of the (100) corrected for the specimens with thickness equal to 160 and 220 nm, then the volume fraction of the c domain before annealing decreases by about 5% and 3%. The quantity represented as a solid line was obtained before annealing, and the dotted one was after annealing. In the as-deposited 30-nm-thick film, only the a-domain structure was observed, and it was zero. Its value increased up to 80% at 100-nm thickness, and it is almost saturated at constant 90% above 100 nm. After annealing, the trend is similar, only with a consistent decrease. It started from zero when the thickness was 30 nm and increased up to 70%. Figure 8 shows the change of ␣ between before and after annealing. Below 30 nm, there is no change in the volume fraction of c domains because only a domains did exist even before annealing. It increases very rapidly with film thickness when the film is relatively thin while it is saturated for thick films, implying a change of mechanism of the domain formation with film thickness. The critical thickness below which only a domains may form is between 30 and 40 nm according to Fig. 8 . According to Fig. 6 , there was a consistent and almost constant decrease in the Pb/(Pb + Ti) ratio after annealing, which implies that the correlation between Figs. 6 and 8 is weak. Then, the annealing may result in the relaxation of the residual intrinsic stress.
Kweon et al. 15 reported that the intrinsic stress developed during deposition exerted a dominant effect on the domain structure, and Speck and co-workers and Li et al. 1, 5, 17 have proposed that the thermal stress dominates the domain population. To relate the domain structure formation with the stress state, each stress was calculated using FEM. As mentioned earlier, only the temperature range of T d to T C was considered in the calculation because it was assumed that the domain configuration that was determined at T C during cooling of thin films would not change significantly with temperature down to room temperature.
The lattice parameters and thermal expansion coefficients employed in the calculation were obtained from the high-temperature XRD data shown in Fig. 9 . Temperatures were increased from the room temperature up to 700°C at a rate of 2°C/min, held for 8 h to relieve the intrinsic stress, and decreased again to the room temperature at the same rate. The thermal expansion coefficient of the cubic PbTiO 3 thin films, 1.195 × 10 −5 /°C, has been obtained from the lattice parameters of 0.3989 nm at 700°C and 0.39785 nm at 480°C.
The thermal stress was calculated as about −70 MPa irrespective of both the substrate normal distance and the final film thickness because it was only dependent on the temperature range. The epitaxial stress varied both with the substrate normal distance and the film thickness. Similarity, the change of the strain with the thickness was also observed. 27 As seen in the Figs. 10(a)-10(d) of 50 nm through 200 nm film thickness, the epitaxial stress is tensile, which causes the film to be a-axis oriented because the transition to a domains results in the compressive and, therefore, the transformation stress relieves the combined total stress. In turn, the intrinsic stress is compressive irrespective of both the substrate normal distance and the film thickness as seen in Figs cause the transition to c domains results in the tensile and, therefore, the transformation stress compensates the total stress. Therefore, the domain configuration at ferroelectric transition is determined by the competition among various stresses. The combined epitaxial, intrinsic, and thermal stresses are shown in Figs. 12(a)-12(d) . As for the 50-nm film thickness and possibly below 50 nm, the whole film is in a tensile stress state, if weak, as shown in Fig. 12(a) , which implies that the tensile epitaxial stress is greater than the combined intrinsic and thermal stresses, and only a domains will be observed. The calculated value of the critical thickness, about 50 nm, is an ideal number without considering the relaxation of the epitaxial stress. Observations in Figs. 2 and 7 already showed that the critical thickness was between 30 and 40 nm but not far from an ideal value of 50 nm. If the relaxation of the epitaxial stress is considered possibly due to misfit dislocations at the interface, the overall stress state will move toward the compressive in Fig. 12 and the critical thickness will be decreased as observed in the experimental measurements of this work. The degree of relaxation, however, was not a known factor, and it was not taken into consideration in the calculation. With an increase in film thickness, the overall tensile stress decreases. In addition, defects are created in the film in order to relieve the strain, which rapidly relaxes the epitaxial stress. The relaxation of the epitaxial stress results in a change in the domain structure. In addition, the increased effect of the compressive intrinsic stress compared with the tensile epitaxial stress enables the film to be c-axis oriented. Therefore, above a critical thickness, the c-axis domain population will increase with film thickness.
The effect of annealing on the domain structure may be explained indirectly. In annealing, a portion of the intrinsic stress will be relaxed, even though the exact amount is very difficult to know, 15, 18 while the epitaxial and thermal stresses are intact. This behavior will shift the total stress up in tensile, and therefore, the population of a domains will increase at phase transition and that of c domains will decrease. However, the c-axis orientation ratio after annealing will not change by a constant amount because the tensile epitaxial stress has already been dominant in the very thin film composed of only a domains and therefore the relaxation of the intrinsic stress does not help to decrease the value of ␣. The change starts from zero and increases and eventually will be saturated as verified in Fig. 8 . Finally, it is also notable that many researchers paid attention to the thermal stress from deposition or processing down to room temperature while it was considered only to T C in this study. As the thermal stress is compressive, its incorporation will shift down the calculated lines in Fig. 12 , which is not still inconsistent with the current observation of this work.
V. SUMMARY
The relationship between the domain structure and the film thickness was studied in epitaxial PbTiO 3 thin films deposited on the MgO(001) substrate by the reactive sputtering. The stress state changed with film thickness, causing a change in the domain configuration. Below a critical thickness, the tensile epitaxial stress overwhelmed compressive intrinsic and thermal stresses and the domain structure was a-domain oriented. Above a critical thickness, the compressive intrinsic stress together with the thermal stress overcame the tensile epitaxial stress and the population turned into the c domain. Nonetheless, the overall measurements and the resultant interpretation remained semiquantitative due to both lack of the systematic domain tilts in the measurement of the domain volume fraction and of the degree of relaxation via misfit dislocations in the calculation of the stress through FEM.
